ABSTRACT: Variations in heterotrophic dinoflagellate populations at a station in the inner Oslofjord, Norway, were studied by sampling at ca 4 d intervals. Cells were concentrated from 1 l samples by filtration before being counted in an inverted microscope. Additional data include autotrophic carbon biomass estimates based on microscopy of the phytoplankton, chlorophyll a (chl a) concentrations, and hydrography. A modest (2 to 4 µg chl a l -1 ) diatom bloom in September was followed by a large (up to 128 µg chl a l -1 ) dinoflagellate bloom in October, dominated by Ceratium furca. Altogether 25 thecate heterotrophic dinoflagellate species were recorded in this study. Their total biomass at all times was <1% of that of the autotrophic phytoplankton. Coinciding with the Ceratium bloom, there was a marked growth in Protoperidinium steinii, with cell numbers reaching > 2000 cells l -1
INTRODUCTION
Heterotrophic dinoflagellates are nearly always present in marine plankton, and are sometimes quantitatively important as grazers in the microplankton (20 to 200 µm) fraction (e.g. Hansen 1991 , Lessard 1991 , Archer et al. 1996 ). They possess highly specialized feeding mechanisms. Members of Protoperidinium, the largest heterotrophic genus within the peridinioid dinoflagellates, acquire their food by means of a pallium; a pseudopod produced by the cell and enabling it to digest plankton algae of its own size, or even considerably larger ones (review by Hansen & Calado 1999) . Smaller objects, such as 'naked' nanoplankton flagellates, are generally not captured by Protoperidinium. While the majority of Protoperidinium species appear to be diatom grazers, some can utilize, and may even require, dinoflagellate prey (review by Jeong 1999) . In a pioneering study, Jacobson & Anderson (1986) noted that P. pyriforme cells differed from those of 14 other Protoperidinium species by preferentially capturing autotrophic dinoflagellates rather than diatoms in their pallium. Subsequent laboratory experiments confirmed that food requirements in this genus may be quite specific. Among the relatively few Protoperidinium species that have been brought into culture so far, only P. cf. divergens and P. crassipes (Jeong & Latz 1994) , and recently P. steinii (Naustvoll 2000) , have been shown to grow better on dinoflagellate prey than on diatom prey.
More indirect evidence of specific dinoflagellate prey requirements can be obtained by studying shifts in natural populations associated with biomass fluctuations and species successions in the phytoplankton (e.g. Hansen 1991 , Nakamura et al. 1995 , 1996 , Tise-lius & Kuylenstierna 1996 , Matsuyama et al. 1999 . This approach was used in a recent investigation of Protoperidinium species in the inner Oslofjord, based on approximate monthly sampling through 1 yr (Kjaeret et al. 2000) . The present study from the same area made use of much more closely repeated sampling, carried out over 2 mo in the autumn during which a modest bloom consisting mainly of the diatom Pseudo-nitzschia pseudodelicatissima was succeeded by a large bloom dominated by the dinoflagellate Ceratium furca. Our goal was to see if close sampling combined with observations of live samples could provide more conclusive evidence of predator-prey relationships involving Protoperidinium spp.
MATERIALS AND METHODS
The material was collected in the inner Oslofjord at or near the station Nakkholmen (59°53' N, 10°41' E) at time intervals of 2 to 7 d, from September 7 to November 1, 2000. Data on water temperature and salinity were obtained by means of a mini-STD probe. Sampling for chlorophyll a (chl a) was carried out by Niskin bottle casts from the surface to 20 m depth. The samples were filtered onto Whatman GF/C glass fiber filters (pore size ca 1 µm) and extracted with 90% acetone according to Strickland & Parsons (1972) for subsequent analysis in a Turner Designs TD-700 fluorometer. Samples for quantitative microscopy and for observations on live plankton were taken from 2 m depth, supplemented by horizontal net-hauls. Diatoms in formaldehyde-preserved samples were counted in 2 ml sedimentation chambers on an inverted microscope. Thecate autotrophic and heterotrophic dinoflagellates larger than 20 µm were counted in samples concentrated by filtration as described by Kjaeret et al. (2000) . Essentially, this involved draining a 1000 ml water sample through a small piece of 20 µm mesh plankton net, and resuspending the collected material in a small volume of seawater containing formaldehyde, with Calcofluor White M2R added for visualization of the dinoflagellate thecae by epifluorescence (Fritz & Triemer 1985) . The suspension was then distributed into 2 ml sedimentation chambers for counting on an inverted epifluorescence microscope. Dinoflagellates smaller than 30 µm, mainly the heterotroph Oblea rotunda and the autotroph Prorocentrum micans, were probably not quantitatively retained by the 20 µm mesh. Specific carbon biomasses were computed assuming the same cell volumes as in previous investigations in the Oslofjord (see Kjaeret et al. 2000) , using the equation of Strathmann (1967) for diatoms and those of Menden-Deuer & Lessard (2000) for autotrophic and heterotrophic dinoflagellates. The standing stock of each species was then calculated as the product of cell density (cells l -1 ) and cell carbon (pg C cell -1 ), and the products were summed to give total carbon biomass (µg C l -1 ) for each species or group. The biomass values do not express total autotrophic standing stock, as the microscopic counts did not include non-diatom cells smaller than 20 µm such as 'naked' flagellates and cyanobacteria.
On all sampling dates, live material was collected for monitoring of heterotrophic dinoflagellate grazing. Unconcentrated samples from 2 m depth were transferred to cell culture flasks (Costar, 73 ml capacity) which were incubated on a plankton wheel rotating at ca 2 rpm, in a temperature-controlled room at 11°C, under continuous illumination of 3 µmol photons m . The samples were examined daily for up to 2 wk in a Nikon Eclipse TE300 inverted microscope. Grazing events were documented on Kodak EliteChrome 400 film by means of a Nikon Fe 10 camera, for subsequent electronic scanning.
RESULTS
Salinity at 2 m depth dropped from 23.5 early in September to ca 22 on October 13, and then quite abruptly to ca 18 during the following few days (Fig. 1 ). This latter event was in all likelihood caused by outflow from land following heavy rainfall on October 10, 11, and 12. Precipitation during this 3 d period corresponded to the amount normally received in the whole month of October (data from The Norwegian Meteorological Institute). Temperature at 2 m depth showed a gradual decline from ca 16.5°C at the beginning of the sampling period to ca 10°C at the end (data not shown). The chlorophyll data ( Fig. 2) indicate a small bloom of 2 to 4 µg chl a l -1 in the uppermost 4 m layer from September 21 to 28. A much heavier bloom was observed in the same layer from October 16, with maximum values of 128 µg chl a l -1 at 0 m depth on October 20 and 81 µg chl a l -1 at 2 m depth on October 23. The average chlorophyll concentration in the 0 to 4 m layer increased by a factor of 26 from October 13 to October 16. This increase is much too large to be explained by local algal growth. We conclude that it was due to advection of a different water mass. Freshwater outflow occasioned by the rainfall a few days earlier was the likely reason for this, as already suggested by the salinity data.
The carbon biomass standing stocks of the most important species or groups of primary producers are shown in Table 1 . Even though these data may not describe a succession in the strict sense, they indicate a development from a modest diatom bloom, from September 21 to 28, to a massive dinoflagellate bloom from October 16 onwards. The diatom bloom was composed mainly of Pseudo-nitzschia pseudodelicatissima, while the dinoflagellate bloom was dominated by Ceratium species, C. furca forming 80 to 95% of Ceratium biomass as well as of Ceratium cell number at any time. The ratio of calculated autotrophic carbon biomass to chlorophyll concentration at 2 m depth during both blooms was mostly of the order of 20 to 30 g C g chl a -1 . This is somewhat low, particularly for dinoflagellates, as was to be expected from the non-inclusion of small autotrophic algae in our cell counts (see 'Materials and methods').
The total carbon biomass of thecate heterotrophic dinoflagellates (Table 2) was insignificant compared to the calculated autotrophic biomass (Table 1) , amounting to, at most, 1% of the latter during either bloom period. The maximum cell counts of thecate heterotrophic dinoflagellate species during the Pseudo-nitzschia and Ceratium blooms are listed in Table 3 . Throughout the study, the majority of heterotrophic dinoflagellates were present in small and randomly fluctuating numbers, typically < 50 cells l -1 . An exception was formed by Protoperidinium steinii, the cell numbers of which declined during September and then increased markedly during the Ceratium bloom to a maximum of > 2000 cells l -1 at the end of October (Fig. 3A ). Increases were also seen in P. pyriforme (Fig. 3A) , and to a lesser extent in P. brevipes and P. curtipes (Table 3) ; these 3 species were not recorded in September. During the Ceratium bloom, P. steinii made up 55 to 73% of thecate heterotrophic dinoflagellate cell numbers and 20 to 51% of the corresponding biomass (Table 2 ). Regression analysis (using square-roottransformed cell numbers for the whole sampling period) demonstrated a significant correlation between P. steinii and C. furca abundances (r 2 = 0.60; p = 0.001). The only other heterotrophic dinoflagellate responding markedly to the dinoflagellate bloom situation was Oblea rotunda (Table 3) .
In terms of cumulate numbers throughout the sampling period, Protoperidinium divergens and P. pallidum were next in importance after P. steinii, P. pyri- forme, and Oblea rotunda among the thecate heterotrophic dinoflagellates. In Fig. 3B , the dynamics of the P. divergens and P. pallidum populations (note the 10 × expansion of the ordinate scale) are shown for comparison with those of P. steinii and P. pyriforme (Fig. 3A) . There was no suggestion that either P. divergens or P. pallidum reacted positively to the Ceratium bloom.
Pallium feeding by Protoperidinium steinii on dinoflagellate prey, particularly on Ceratium furca, was observed on a number of occasions throughout the sampling period (Fig. 4, Table 4 ). Besides this, P. steinii was seen to capture a ciliate and to practice cannibalism (Table 4) . Feeding by 2 or 3 cells on one and the same food item (Fig. 4C) , as well as cannibalism, became more frequent as autotrophic food became depleted during prolonged incubation. More than one cell feeding on a common prey object has previously been noted in P. cf. divergens (Jeong 1994) and in the mixotrophic Fragilidium subglobosum (Skovgaard 1996) . Although P. steinii was present in substantial numbers during the diatom bloom in September, it was never seen to feed on diatoms.
DISCUSSION
Protoperidinium species and other heterotrophic dinoflagellates occurring in Scandinavian waters are generally eurythermal, except for a few cold-water forms restricted to winter and spring (Kjaeret et al. 2000) . Within the narrow temperature and salinity ranges of the present study, Protoperidinium population dynamics were in all likelihood governed by food availability.
A Pseudo-nitzschia pseudodelicatissima bloom in the Oslofjord in September and October 1994 encouraged population growth of Protoperidinium granii and 164 other Protoperidinium species likely to be diatom grazers (Kjaeret et al. 2000) . The diatom bloom in September 2000 may have been too weak or too short-lived to permit a similar situation to develop. By contrast, the massive Ceratium bloom in October was the probable reason for the increase in the Protoperidinium steinii population. Naustvoll (2000) previously showed that P. steinii requires dinoflagellate prey, in the form of Heterocapsa triquetra or Prorocentrum micans, for rapid growth in the laboratory. A similar convergence of field and laboratory observations exists for Protoperidinium cf. divergens and P. crassipes (Jeong & Latz 1994) , but not so far for any other Protoperidinium species specialized in dinoflagellate prey. There is no absolute requirement for dinoflagellate food in P. steinii, since it shows positive but slow growth on diatoms (Naustvoll 2000) . It is noteworthy however that the initial fairly high P. steinii population in our study seemed to decline during the Pseudo-nitzschia bloom. Our observations on Protoperidinium pyriforme, together with the finding by Jacobson & Anderson (1986) that it preferentially captures dinoflagellate prey, suggests that also the growth of this species is 165 (Nielsen 1991) . Heterotrophic dinoflagellate population development has been shown to trail phytoplankton blooms by a few days (Nakamura et al. 1995 , 1996 , Tiselius & Kuylenstierna 1996 , suggesting an opportunistic strategy that restricts population growth to periods of prey abundance. Unfortunately, existing quantitative data on predator-prey relationships are equivocal. In published laboratory studies on Protoperidinium spp., maximum growth rates were achieved only at food concentrations of 250 to 400 µg C l -1 (Buskey et al. 1994 , Buskey 1997 or higher (estimated from data in Jeong & Latz 1994 ). In P. steinii feeding on the dinoflagellate Heterocapsa triquetra, food saturation of growth required at least 1000 µg C l -1 (L.-J. Naustvoll unpubl. data). Estimated phytoplankton biomasses during the Ceratium bloom, though exceptionally high for the Oslofjord, were well below this level. It seems unlikely that Protoperidinium populations should be permanently barred from realizing their inherent growth potential. This seeming discrepancy between field and laboratory data can only be resolved by further research. It should be noted that the increase in abundance of P. steinii from October 13 to October 20 (Fig. 3A) is likely to reflect advection and patchiness as much as it reflects net growth: the increase corresponds to a growth rate of >1 division d -1 , much higher than the highest growth rates measured by Naustvoll (2000) in laboratory experiments on this species.
The failure of Protoperidinium pallidum to respond to the Ceratium bloom is in agreement with experimental results indicating that this species cannot utilize dinoflagellate food for growth (Naustvoll 2000) . In the case of P. divergens, it is less easy to account for the lack of a positive response. In the Oslofjord (Kjaeret et al. 2000) , and in Danish waters (Hansen 1991) , this species is usually associated with late-summer biomass maxima of autotrophic dinoflagellates, including Ceratium spp. Growth of Oblea rotunda appeared to be stimulated during the Ceratium bloom, but no grazing incidents involving this species were observed. It may have fed on Prorocentrum micans which was present during the bloom and which has been shown to serve as excellent food for it (Strom & Buskey 1993) .
Interactions between grazers and their prey are among the main factors responsible for the structuring of the planktonic food web. Although the standing stocks of heterotrophic dinoflagellates in our study were too small to have an impact on the autotrophic biomass, our data underline the high degree of grazing selectivity in Protoperidinium species. Effects such as those reported here may contribute to the remarkable species diversity in the marine microplankton. The extreme complexity of the microplanktonic food web is also shown by the fact that the main prey in the present investigation, Ceratium furca, can act as a predator on ciliates (Bockstahler & Coats 1993 , Smalley et al. 1999 .
